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UHTXLUHPHQW DQG FUDVK ODQGLQJ SRVVLELOLW\>@ 7KHVH SURSHUWLHV PDNH EOLPS DV WKH EHVW REVHUYDWLRQ SODWIRUP>@ ,Q WKLV
SURMHFWDEOLPSZDVXVHGDVDSODWIRUPWHVWEHGDQGQREDOORQHWZDVFRQVLGHUHGLQWKLVGHVLJQ
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SURQHWRH[SORVLRQ8VLQJWKHDHURVWDWLFVFRQFHSWWKHEOLPSEXR\DQF\LVGHILQHGDV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PRWLRQXQOLNHRWKHUDHULDOYHKLFOHVVXFKDVDLUSODQHKHOLFRSWHUDQGPXOWLURWRUGURQHV7KLVFKDUDFWHULVWLFPDNHVEOLPSDEOH
WRVWD\DIORDWZLWKRXWH[SHQGLQJHQHUJ\,WDOVRKDVDSURSXOVLRQV\VWHPWKDWHQDEOHGLWWRIO\DQGPDQHXYHU7KHPDLQEOLPS
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H[SUHVVHGLQHDUWKUHIHUHQFHVIUDPH)LJEGHVFULEHVWKHWUDQVODWLRQDO;<=DQGURWDWLRQDOYHORFLWLHVYUT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DQG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ș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 YDOLG IRU  ±ʌș ʌ 7KH ERG\ IL[HG DQJXODU YHORFLW\ YHFWRU
STU DQG (XOHU UDWH YHFWRUሺ߶ǡ ߠǡ׫ ߰ሻ  DUH UHODWHG WKURXJK D WUDQVIRUPDWLRQ PDWUL[ ,Q WKLV PRGHO WKH ODWHUDO DQG
ORQJLWXGLQDO G\QDPLF LV WDNHQ LQWR DFFRXQW )LJ  VKRZV WKH D[HV LQYROYHG LQ WKH ERWK GHFRXSOHG PRGHOV 7KH EOLPS
PRGHOLQJ VKRXOG FRQVLGHU VHYHUDO FRPSRQHQWV VXFK DV FRULROLV HIIHFW FDXVHG E\ HDUWK URWDWLRQ JUDYLW\ EXR\DQF\ HIIHFW
DHURG\QDPLFV DQG WKH SURSXOVLRQ V\VWHP 6XEVWLWXWLQJ  WKH  ZLWK WKH HOHPHQW RI DHURG\QDPLF JUDYLW\ EXR\DQF\
FRULROLVDQGSURSXOVLRQWKHIXOOPDWKHPDWLFDOPRGHORIDEOLPSFDQEHZULWWHQDVIROORZV
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
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
ݑሶ ൌ ͳȀ݉௫൫ܺ௨ݑ ൅ ௘ܶ ൅ ௧ܺߜ௧ െ ሺ݉݃ െ ܤሻሺ ߠ௘ ൅ ߠ  ߠ௘ሻ െ ݉௭ ௘ܹݍ െ ሺ݉ܽ௫ െ ܺ௤ሶ ሻݍሶ ൯
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ݓሶ ൌ ͳȀ݉௭ሺܼ௪ݓ ൅ ܼఋ ൅ ሺ݉݃ െ ܤሻሺ  ߠ௘ െ ߠݏ݅݊ߠ௘ሻ ൅ ݉௫ ௘ܷݍ ൅ ሺ݉ܽ௫ െ ܼݍሶ ሻݍሶ 
&)'VLPXODWLRQ
7KH REMHFWLYH RI WKLV VWXG\ LV WR DFTXLUH WKH DHURG\QDPLF FRHIILFLHQW IRU WKH EOLPS PRGHO FKDUDFWHULVWLF ,Q RUGHU WR
SHUIRUPQXPHULFDOLQYHVWLJDWLRQJHRPHWU\PHVKLQJZDVJHQHUDWHGXVLQJ*$0%,7VRIWZDUH7KH'PHVKLQJZDVDSSOLHG
WR WKH DLU XVLQJ XQVWUXFWXUHG WULDQJXODUPHVK UHVXOWLQJ LQ FHOO YROXPHV )LJ VKRZV WKH IORZ ILHOG FRPSXWDWLRQDO
GRPDLQ7KHQWKHPHVKILOHZDVLPSRUWHGWR)/8(1770IRUQXPHULFDOVWXG\VWHDG\QDYLHUVWRNHVHTXDWLRQZDVGLVFUHWL]HG
XVLQJILQLWHYROXPHDQGSUHVVXUHYHORFLW\FRXSOLQJZDVLPSOHPHQWHGXVLQJVLPSOHDOJRULWKP,QWKLVZRUN.DSSDHSVLORQ
Nİ WXUEXOHQFH PRGHOV ZHUH FKRVHQ WR LQYHVWLJDWH WKH GHVLJQ LQIOXHQFH RQ WKH DHURG\QDPLF EHKDYLRU ,Q WKLV FDVH
5H\QROGV¶VQXPEHUZDV[DQGWKHIORZPRGHOZDVFRQVLGHUHGDVWXUEXOHQWWRFRSHZLWKWKHWXUEXOHQFHEHKDYLRURI
.DSSDHSVLORQNİWXUEXOHQFHPRGHDVPHQWLRQLQ>@




)LJ*HRPHWU\GUDZLQJIRUJULGJHQHUDWLRQ











)LJ%OLPSFRQWRXUD3UHVVXUHFRQWRXUDQGE9HORFLW\FRQWRXU

)LJ%OLPSFRQWRXUD3UHVVXUHFRQWRXUDQGE9HORFLW\FRQWRXU

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)LJLOOXVWUDWHVWKHFRQWRXUJHQHUDWHGE\WKHJLYHQYHORFLW\7KHUHVXOWVVKRZWKHSUHVVXUHGLVWULEXWLRQDORQJWKHERG\
DQGIRUFHVH[HUWE\WKHERG\E\HDFKSRLQW)URPWKHUHVXOWVZHFDQFDOFXODWHWKHGUDJIRUFH&GDQGSUHVVXUHIRUFHDORQJ
WKHERG\7KHDQDO\VLVSURYHGWKDWWKH&GPRPHQWFRHIILFLHQW&PDQGOLIWFRHIILFLHQW&/DUHDFFHSWDEOHKRZHYHULWZLOOEH
IXUWKHUDQDO\VHEDVHGRQWKHFRPSOHWHPRGHO
%OLPSGHVLJQ
7KLV VHFWLRQ GLVFXVVHV EOLPS ODWHUDO FRQWURO XVLQJ RSWLPDO FRQWURO 7KH PRGHO DQG FRQWURO DELOLW\ ZHUH WHVWHG XVLQJ
0DWODE6LPXOLQN XVLQJ RGH VROYHU 7KLV VHFWLRQ UHYHDOV WKH JHRPHWULF DQG SDUDPHWHU IRU WKH EOLPSZHUH EDVHG RQ WKH
FRQFHSWXDOGHVLJQXVLQJ6ROLGZRUNVRIWZDUHWRREWDLQWKHYDOXHRIPDVVPRPHQWDQGLQHUWLDIRUFHVYDOXH'HWDLOVRQEOLPS
VSHFLILFDWLRQDUHSUHVHQWHGLQ7DEOH,7KLVGHVLJQZDVEDVHGRQWKHVHOHFWLRQIRUVPDOOEOLPS
7DEOH)HDWXUHVRIWKHEOLPS
,WHPV 6SHFLILFDWLRQV
6KDSH
/HQJWK ݈
(OOLSVRLG
P
0D[LPXPGLDPHWHU ݀ P
9ROXPH ܸ݋݈ FXIW
$LUGHQVLW\ ߩ௔ NJP
+HOLXPXQLWOLIW ܮ௡ 1P


%DVHGRQ WKHG\QDPLFPRGHOLQJH[SUHVVHG LQ6HFWLRQ ,,ZHVWXGLHG WKHPRGHOSHUIRUPDQFH ,Q ODWHUDOFDVH WKH VWDWH
YHFWRUFRQVLGHUHGIRUWKHG\QDPLFFKDUDFWHULVWLFVFDQEHUHSUHVHQWHGDVIROORZV

ݔܶ ൌ ሾݒ ݌ ݎ ߶ሿ

ݑܶ ൌ ሾߜݎሿ

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ܽ ൌ ൦
௩ܻ ݉௭ ௘ܹ
Ͳ ܮ௣ െ ݉ܽ௭ ௘ܹ
െ݉௫ ௘ܷ ሺ݉݃ െ ܤሻܿ݋ݏߠ௘
݉ܽ௭ ௘ܷ െሺ݉݃ܽ௭ െ ܤܾ௭ሻܿ݋ݏߠ௘
Ͳ ݉ܽ௫ ௘ܹ
Ͳ ͳ
௥ܰ െ ܯܽ௫ ௘ܷ ሺ݉݃ܽ௫ െ ܤܾ௭ሻܿ݋ݏߠ௘
Ͳ Ͳ
൪
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ͲǤͷߩ௔ȯ
Ͳ
ͲǤͷߩ௔Ȟ
Ͳ
൪
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
݉ ൌ ൦
݉௬ െ݉ܽ௭
െ݉ܽ௭ ܬ௫
݉ܽ௫ Ͳ
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2SWLPDOFRQWUROOHU
,QWKLVZRUNWKHFRQWUROREMHFWLYHLVWRPDLQWDLQWKHPLQLPXPFRQWUROVLJQDOWKDWOHDGVWKHVWDWHVWRZDUGVDWDUJHWVWDWH
%\DVVXPLQJEOLPSLVLQKLELWHGE\VPDOOSHUWXUEDWLRQDERXWWKHWULPPHGHTXLOLEULXPLWLVSUDFWLFDOWRXVHGHFRXSOHGPRGHO
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RI EOLPS>@  ,Q ODWHUDO FRQWURO GHVLJQ UXGGHU LV XVHG WR FRQWURO \DZLQJ 7KH RXWSXW DIIHFWHG E\ WKLV PRGHO ZLOO EH
UHSUHVHQWHGE\YSUDQG߮VWDWHV,QRUGHUWRPDQHXYHUWKHEOLPSVKRXOGKDYHWKHDELOLW\WRFRQWUROSRVLWLRQZKLOHPRYLQJ
LQ D WUDMHFWRU\ ,Q /45 GHVLJQ WKLV PHWKRG VHHNV IRU RSWLPDO FRQWUROOHU YDOXHV WKDW PLQLPL]H FRQWURO LQSXW XW 7KLV
GHVLJQLVEDVHGRQWZRPDWULFHV4DQG5WKHVWDWHYHFWRUDQGWKHV\VWHPLQSXW7KHOLQHDUTXDGUDWLFFRQWUROOHULVJLYHQE\

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
ZKHUH6DQG4DUHV\PPHWULFSRVLWLYHVHPLGHILQLWHZHLJKWLQJPDWULFHVDQG5LVDV\PPHWULFSRVLWLYHGHILQLWHZHLJKWLQJ
PDWUL[7KHVHOHFWLRQRI4DQG5PHWULFZHUHEDVHGRQ%U\VRQUXOHV%DVHGRQWKHPRGHOWKH/45JDLQVZHUH
JLYHQE\. >     @UHVSHFWLYHO\7RFDSWXUH WKHHIIHFWZHLQWURGXFHGLPSXOVHVLJQDOWR
YHULI\WKHFRQWUROSHUIRUPDQFH)LJVKRZVWKDWDOOVWDWHVVXFFHVVIXOO\UHJXODWHWR]HURDVSODQQHG
















)LJ6WDWHVRXWSXW

7KHJDLQVWUHVVHVWKHPRGHOWRDFKLHYHREMHFWLYHZLWKLQVZLWKDFFHSWDEOHWUDQVLHQWUHVSRQVHV1H[WZHDVVXPHGWKDWWKH
YHKLFOHLVDEOHWRGHIOHFWWKHUXGGHUEHWZHHQWRGHJUHH,QWKLVFDVHSRVLWLYHDQJOHVFRQWULEXWHGWRWKHOHIWGHIOHFWLRQ
7KLVVLPXODWLRQSUHVHQWHGWKHYDOLGDWLRQRIWKHVWDWHVEHKDYLRXUDQGHUURUFRVW
3RVLWLYHGHIOHFWLRQVLPXODWLRQ7KHDQJOHRIWRGHJUHHVLVWKHLQSXWRIWKHPRGHOZKLFKLVUHSUHVHQWHGE\VWHSWLPHRI
VHFRQGDQGLQLWLDOYDOXHRIWRVHFRQGV7KHUHVSRQVHVRIWKHVWDWHVZHUHVKRZQLQ)LJ,QWKLVVLPXODWLRQLWVKRZHG
WKDW E\ DGGLQJ DQJOHV IRU \DZLQJ LW GHIOHFWHG WKH ERG\ \DZ DQJOHV DQG DOVR WKH UROO DOWLWXGH ZKHUH HDFK GHIOHFWLRQ
FRQWULEXWHGIRU\DZUDWHDQGWRWKHUROODQJOH1RWHWKLVEDVHGRQGHJUHHVOHIWDQGULJKWPRYHPHQW
1HJDWLYHGHIOHFWLRQVLPXODWLRQ+HUHWKHV\VWHPZHUHH[FLWHGZLWKDQDQJOHRIWRGHJUHHXVLQJWKHVDPHVHWWLQJLQ
SUHYLRXV VLPXODWLRQ7KHUHVSRQVHZDVVKRZQ LQ)LJ ,WFDQEHREVHUYHGVLPLODURXWSXWVZHUHJLYHQZLWK WKHGLIIHUHQW
VLJQVWRUHSUHVHQWWKHOHIWDQGULJKWGLUHFWLRQV

)LJ3RVLWLYHGHIOHFWLRQɁUD\DZUDWHVDQGEFRQWUROVLJQDO
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
)LJ1HJDWLYHGHIOHFWLRQɁUD\DZUDWHVDQGEFRQWUROVLJQDO

7KHVXPPDUL]HUHVXOWVREWDLQHGIURP WKH VLPXODWLRQDUHJLYHQ LQ7DEOH ,,7KH LQSXW XQLWVZHUHGHVFULEHG LQGHJUHH WR
UHSUHVHQW WKH UHDO EHKDYLRU RI WKH EOLPS ,W FDQ EH REVHUYHG WKDW  E\ LQWURGXFLQJ  GHJUHH WR WKH UXGGHU  FRQWULEXWHG
DSSUR[LPDWHO\U VRIERG\\DZUDWH7KHUHIRUHWKHPD[LPXPGHIOHFWLRQLQ\D[LVJLYHVE\U VFRUUHVSRQGHG
WRFKDQJHVZLWKLQWKHRSHUDWLQJUDQJHRIZLWKVHWWOLQJWLPHRIV7KLVEHKDYLRUZDVQRWRQO\HIIHFWHGWKH\DZ
UDWHVLWDOVRSURGXFHGDUROO+HUHDVPDOOYDOXHVRIS VDQGԄ VJLYHQE\ɁU 7DEOH,,,UHSUHVHQWVWKH
HUURUSHUFHQWDJHVIRUWKHSURSRVHGFRQWUROOHU7KHDYHUDJHHUURUFRQWULEXWHGE\ WKHGHVLUHGLQSXWZDVDSSUR[LPDWHO\
UDWKHU VPDOO 7KHKLJKHVW HUURUZDV IRU GHJUHHGHIOHFWLRQ DQG  WKH ORZHVWZDV IRU  GHJUHHGHIOHFWLRQ1RWH WKDW WKH
FRQWURO REMHFWLYH ZDV WR PLQLPL]H WKH HUURU DQG FRQWURO VLJQDO EHWZHHQ WKH GHVLUHG DQG IHHGEDFN FRPSRQHQWV :H
UHSUHVHQWHGWKHSDUDPHWHULQPRGXOXVIRUPGXHWRDOPRVWWKHVDPHUDWHJLYHQEHWZHHQWKHSRVLWLYHDQGQHJDWLYHVLPXODWLRQ
1RWHWKDWɁ୰LVJLYHQLQGHJUHH
7DEOH,,6WDWHV3HUIRUPDQFHV9DOXHV
ɁUGHJ s͕;ŵͬƐͿ Ɖ;ĚĞŐͬƐͿ ƌ;ĚĞŐͬƐͿ Ԅሺሻ
 ͲϬ͘Ϯϱϯϵϰ ϭ͘ϳϳͲϬϰ ϰ͘ϲϵϵϳϰϴ Ϯ͘ϲϲϴϰϭϮ
 Ͳϭ͘Ϯϲϵϳϭ ϴ͘ϴϲͲϬϰ Ϯϯ͘ϰϵϴϳϰ ϭϯ͘ϯϰϮϬϲ
 ͲϮ͘ϱϯϵϰϮ ϭ͘ϳϳͲϬϯ ϰϲ͘ϵϵϳϰϴ Ϯϲ͘ϲϴϰϭϮ
 Ͳϯ͘ϴϬϵϭϯ Ϯ͘ϲϲͲϬϯ ϳϬ͘ϰϵϲϮϮ ϰϬ͘ϬϮϲϭϴ
 Ͳϱ͘Ϭϳϴϴϰ ϯ͘ϱϰͲϬϯ ϵϯ͘ϵϵϰϵϳ ϱϯ͘ϯϲϴϮϰ
 Ͳϲ͘ϯϰϴϱϱ ϰ͘ϰϯͲϬϯ ϭϭϳ͘ϰϵϯϳ ϲϲ͘ϳϭϬϯ
 Ͳϳ͘ϲϭϴϮϱ ϱ͘ϯϮͲϬϯ ϭϰϬ͘ϵϵϮϰ ϴϬ͘ϬϱϮϯϲ
7DEOH,,,(UURUSHUFHQWDJHV
ȁߜ௥ȁ ȁܺ௥ȁ ȁݕ௖ȁ ห݁௟௤௥ห ݁௟௤௥ሺйͿ
ϭ Ϭ͘Ϭϰϲ Ϭ͘Ϭϰϯ Ϭ͘ϬϬϯ ϲ͘Ϭϴϴϯ
ϱ Ϭ͘ϮϯϬ Ϭ͘Ϯϭϲ Ϭ͘Ϭϭϰ ϲ͘Ϭϰϲϭ
ϭϬ Ϭ͘ϰϲϬ Ϭ͘ϰϯϮ Ϭ͘ϬϮϴ ϲ͘Ϭϴϴϯ
ϭϱ Ϭ͘ϲϵϬ Ϭ͘ϲϰϴ Ϭ͘ϬϰϮ ϲ͘ϬϳϰϮ
ϮϬ Ϭ͘ϵϮϬ Ϭ͘ϴϲϰ Ϭ͘Ϭϱϲ ϲ͘Ϭϳϴϭ
Ϯϱ ϭ͘ϭϱϬ ϭ͘ϬϴϬ Ϭ͘ϬϳϬ ϲ͘ϬϴϳϬ
ϯϬ ϭ͘ϯϴϬ ϭ͘Ϯϵϲ Ϭ͘Ϭϴϰ ϲ͘ϬϴϳϬ


7KHVLPXODWLRQYHULILHGWKHDPSOLWXGHRIFRQWUROVLJQDOLVORZ7KLVGHPRQVWUDWHVWKHPD[LPXPRYHUVKRRWYDOXHRI
DQGXQGHUVKRRWYDOXHV7KHVHWWOLQJWLPHRIDSSUR[LPDWHO\RIVIRUERWKFDVHV7KHUHVXOWVVKRZWKDWLQERWKFDVHV
WKHEOLPSZDV DEOH WR DFKLHYH FRQWUROODELOLW\ DQG DFFHSWDEOH VWHDG\VWDWH  UHVSRQVH  7KLVPHDQV WKHPLQLPXPHQHUJ\ LV
QHHGHGLQRUGHUWRFRQWUROWKHEOLPSSRVLWLRQ

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&RQFOXVLRQ

7KLV SDSHU SUHVHQWV GHFRXSOHG ODWHUDO PRGHO RI D VPDOO EOLPS EDVHG RQ DHURG\QDPLF FRHIILFLHQW SURGXFHG E\ &)'
SDFNDJH7KHRSWLPDOFRQWUROLVXVHGWRFRQWUROWKHUXGGHUGHIOHFWLRQWRSURGXFHVWDEOH\DZLQJUDWHDQGUROO:HKDYHVKRZQ
WKDW WKH GHVLJQ PRGHOV ZKLFK LQFOXGH ODWHUDO DQG ORQJLWXGLQDO PRGHO ZHUH XQVWDEOH EXW DUH DEOH WR IROORZ WKH GHVLUHG
SHUIRUPDQFHSDUDPHWHUVZKLFKHQDEOHGXVWRGHVLJQWKHFRQWUROOHU$GMXVWLQJFHUWDLQFULWLFDOSDUDPHWHUVVXFKDVEOLPSPDVV
DQGYROXPHRIWKHEOLPSZLOOLQIOXHQFHWKHRYHUDOOSHUIRUPDQFHVRIWKHPRGHO


$FNQRZOHGJHPHQWV

7KH DXWKRUV ZRXOG OLNH WR WKDQN 0DOD\VLD 0LQLVWU\ RI 6FLHQFH 7HFKQRORJ\ DQG ,QQRYDWLRQ 0267, H6FLHQFH
3(/(&70LQLVWU\RI+LJKHU(GXFDWLRQ02+(8QLYHUVLWL6DLQV0DOD\VLDDQG8QLYHUVLWL7XQ+XVVHLQ2QQ
0DOD\VLDIRUVXSSRUWLQJWKHUHVHDUFK7KH\ZRXOGDOVROLNHWRWKDQN$]LDQ+DULUL.KDOLG,VDDQGDQRQ\PRXVUHYLHZHUVIRU
WKHLUFRPPHQWVDQGVXJJHVWLRQV


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